spines. Mice were anaesthetized with isoflurane (5% for induction, 1.5-2.0% after), fixed in the 1 4 2 stereotactic frame (51503, Stoelting, Wood Dale, IL, USA), and their body temperatures were 1 4 3 maintained using a heating pad. Stereotactic injections were performed bilaterally into CA1 region 1 4 4 of hippocampus using coordinates from the Bregma: AP, -2.1mm; ML, ±1.1 mm; DV, -1.3mm 1 4 5 according to 33 . 0.5 µl of virus solution was microinjected through beveled 26 gauge metal needle
and 10 µl microsyringe (SGE010RNS, WPI, USA) connected to a microsyringe pump (UMP3,
WPI, Sarasota, USA), and its controller (Micro4, WPI, Sarasota, USA) at a rate 0.1 µl/min. The significantly increased preference of the rewarded corner during the first 30 minutes of the training, and continue to prefer this corner during the following 90 minutes (Fig. 1B .ii).
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Next, we analysed dendritic spines in stratum radiatum of CA1 area ( Fig. 1C.i 1C.ii). However, median dendritic spines' areas were smaller after training as compared to control learning as compared to the spines analysed in control mice ( Fig. 1C .iv).
9 2
To study the expression of PSD-95 protein we performed immunostaining with PSD-95-1 9 3 specific antibody and analysed its co-localisation with dendritic spines. Intensity of PSD-95
immunostaining in the area CA1 was not changed in the learning mice as compared to the control group (Fig. 1D) . When dendritic spines were segregated in two categories: with and without PSD- which is very low as compared with previous studies showing that in the visual cortex (V1) over 1 9 8
80% of spines contained PSD-95 protein 38 . Therefore, to validate our method, we analysed PSD-95
protein expression in dendritic spines of the V1 cortex in young control animals. The frequency of 95-positive spines in the same animals in the area CA1 was 45%. The spines in V1 were also 2 0 2 bigger, and contained more PSD-95 puncta as compared to CA1 region (extended data Fig. 1-1 ).
0 3
Thus, although we cannot exclude the possibility that we did not detect PSD-95 protein if it was 2 0 4 expressed in very low quantity, we concluded that low frequency of dendritic spines that contain We subsequently calculated density and size of dendritic spines with and without PSD-95 2 0 8
after training to find that the mean densities of the spines of these two categories were not affected 2 0 9
by the training, and PSD-95(-) spines were more frequent than PSD-95(+) spines after learning, as
in the control animals ( Fig. 1E.ii) . The analysis of the areas of spines showed that the spines with 2 1 1 PSD-95 have higher median values than spines without PSD-95 ( Fig. 1E.iii) . Moreover, the median was not changed (Fig. 1E. iii). The change of PSD-95(+) spines was also observed as a shift of size change in distribution of spines' areas was observed in PSD-95(-) spines ( Fig. 1E.v) . We also
analysed PSD-95 puncta to find that the total area of PSD-95 puncta per PSD-95(+) spines was
decreased in the learning group, as compared with the controls (Fig. 1E.vi) , while density of PSD-
95 puncta in the shaft increased ( Fig. 1E.vii) suggesting translocation of the protein. In summary, our data indicate remodelling of dendritic spines during memory formation that
is dendritic spine type-specific. In young adult mice, training to locate sucrose reward results in in dendritic spines is decreased and the protein is partly translocated to the shaft. To test the function of PSD-95 protein in reward location memory, we used lentiviruses GFP) 8 ( Fig. 2A) . Four-month old, C57BL/6J mice had LVs stereotactically injected into dorsal 2 2 7 area CA1 and 14 days later they were trained in the IntelliCages ( Fig. 2A.i-ii) . ShRNA for PSD-95
effectively knocked down the endogenous PSD-95 protein in the area CA1 (39% decrease), as
compared with the control virus coding shRNA designed for Renilla luciferase (LV:H1-
shRNA_luciferase) ( Fig. 2A.iii- mice (Fig. 2C.i) , resulting in overexpression of PSD-95 protein (Fig. 2C.ii and iii) . Two weeks
after the surgery mice were trained ( Fig. 2C.i at the later time points (Fig. 2C.vi) . Since overexpression of PSD-95 in CA1 and CaMKII-T286A 2 6 1 mutation affected general activity of the mice (extended data, Fig. 2-1) , we also analysed the between the experimental groups) to find similar effects as described for the timebins (extended 2 6 4 data, Fig. 2-1 ).
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In summary, our experiments indicate that phosphorylation of PSD-95 at serine 73
accelerates memory formation during initial 30 minutes of the training, while autophosphorylation
of CaMKII is controls both speed and long-term precision of memory in young mice.
6 8
Regulation of PSD-95 expression during reward location training is age dependent.
6 9
A growing body of evidence indicates that during ageing many synaptic processes in the whether learning-induced remodelling of PSD-95 protein at the synapse is altered in aged mice.
7 3
We compared morphology of dendritic spines and expression of PSD-95 protein in young ( Fig. 3A) . Young mice were more active than old animals during the habituation, but not during the young and old mice significantly increased preference of the rewarded corner during the first 30
minutes of the training (Fig. 3A) , up to circa 85%, and there was no statistically significant
difference between old and young mice (Fig. 3A) . Similar pattern of the preference for reward 10-visit bins (extended data, Fig. 3-1.A) , suggesting no gross cognitive impairment in old Thy1- dendritic spines' areas in old animals ( Fig. 3B. iii). These changes were also observed as shifts in
distribution of values of dendritic spines' areas. Distribution of spines' areas of old control mice was distribution of the spines' areas shifted toward larger values after training ( Fig. 3B .v).
Intensity of PSD-95 immunostaining in the area CA1 was decreased in the control old mice
as compared to the control young group, and it was not changed by the training (Fig. 3C ).
9 2
Next, we calculated density and size of dendritic spines with and without PSD-95 protein.
As in young mouse, in old animals PSD-95(-) spines were more frequent than PSD-95(+) spines
( Fig. 3D .ii). However, in old mice density of PSD-95(-) spines increased after training over the lower in old mice as compared to the young animals ( Fig. 3D.ii) . The analysis of the areas of spines than spines without PSD-95 ( Fig. 3D.iii) . Moreover, the median values of PSD-95(-) spines' areas 2 9 9
increased after training while the median values of PSD-95(+) spines' areas did not change ( toward bigger values in learning mice as compared to the controls (Fig. 3D.v) . No statistically 3 0 2 significant change in distribution of PSD-95(+) spines' areas was observed ( Fig. 3D.iv) . We also 3 0 3
analysed PSD-95 puncta to find that the total area of PSD-95 puncta per spine in PSD-95(+) spines
was lower in the old control mice, as compared to the young, control animals and it was not affected 3 0 5
by the training (Fig. 3D.vi) . The density of PSD-95 puncta in the shaft increased after training, both 3 0 6
in young and old mice ( Fig. 3D.vii) .
In summary, our data indicate age-and spine type-specific remodelling of dendritic spines shRNA targeted to PSD-95 mRNA (LV:αCaMKII-shRNA_PSD-95-GFP) or luciferase 8 (Fig. 2B) .
20±1 month old, C57BL/6J mice had LVs stereotactically injected into dorsal area CA1, to
downregulate PSD-95 expression, and 14 days later they were trained in the IntelliCages (Fig. 3E. i-
ii). ShRNA for PSD-95 did not impair mice performance neither during initial 30 minutes of the
training, nor later ( Fig. 3E. iii). Since downregulation of PSD-95 in CA1 of old mice increased
activity of the mice (extended data, Fig. 3-1.B) , we also analysed the preference of the reward
corner in 10-visit bins (to make the number of learning trials equal between the experimental 3 2 0 groups) to find similar effects as described for the time bins (extended data, Fig. 3-1 .B). In the current study we analyzed the molecular mechanisms of reward location memory. We show 3 2 7
that formation of memory in young adult mice is accompanied by elimination of PSD-95 protein
from large dendritic spines and dendritic spine shrinkage in the stratum radiatum of CA1 area.
Using molecular manipulations in vivo we demonstrate that autophosphorylation of CaMKII and our data indicate that dynamic regulation of PSD-95 at the synapse is a mechanism for memory 3 3 6
formation and stabilization that operates in young animals, but is impaired in aged mice. Thus in old
age PSD-95-independent processes underlie learning. We trained mice to find sucrose reward in one of two active corners of the IntelliCages 34 .
9
The system allowed for on-line monitoring of mice performance during the training. Preference to in stratum radiatum of the area CA1. The total number of the spines with PSD-95 was not altered,
however, the size of PSD-95 clusters in spines was decreased. In contrast to young animals, reward were increased. The spines in old control mice where smaller than the spines in control young
adults, however, after training they reached similar size. To our knowledge this is the first study that shows spine type-and age-specific downregulation of PSD-95 protein during memory processes. and synaptic plasticity 9,10 , the morphological and molecular changes we observe in young mice
suggest that formation of memory about reward location is accompanied by weakening of CA1 Surprisingly, this function of PSD-95 is impaired in aged mice which show similar precision of reward location memory to young mice, despite lower levels of PSD-95 protein in dendritic spines. The precision of reward location was also not affected in aged animals by further depletion of PSD- independent, or possibly CA1-independent, strategy to precisely remember reward location. This hypotheses need, however, further validations.
Previously, it was shown that synaptic stimulation results in CaMKII-dependent The function of PSD-95:S73 phosphorylation in memory processes was never tested. Here we tested both the role of autophosphorylation of CaMKII:T286 and CaMKII-dependent deficient CaMKII mutant mice (T286A) and mice with local overexpression of phosphorylation-
deficient PSD-95:S73A in the area CA1 indicate that these processes regulate and speed up early 95:S73, is important for precision of reward location memory. Our data are in agreement with many The precision of memory, but not the speed of learning, is sensitive to long-term downregulation of Acad. Sci. 105, 4453-4458 (2008) . Occludes Hippocampal Long-Term Potentiation and Enhances Long-Term Depression. J.
Neurosci. 23, 5503-5506 (2003) . and Spine Stability In Vivo. J. Neurosci. 34, 2075 Neurosci. 34, -2086 Neurosci. 34, (2014 . Surface Expression. Nuron 40, 595-607 (2003) . rapid learning but is not necessary for memory. Nat. Neurosci. 8, 411-412 (2005) . indicates the area (stratum radiatum of dorsal area CA1) were dendritic spines and protein ANOVA with Tukey's multiple comparisons test). H, preference of the corner during the last day of Smirnov test, D = 0.07417). 0.05, t-test, t(9) = 0.800; control, n = 5 and trained mice, n = 6). increased after training (control, n = 4; learning = 6) (*p < 0.05, t-test, t(8) = 2.927). 5.173, p < 0.0001). 0.0001; age: F 1, 32 = 1.037, p = 0.3162). All data for the young mice are the same as in Fig. 1 .
